We present an in vivo broadband spectroscopic characterization of the human forehead. Absorption and scattering properties are measured on five healthy volunteers at five different interfiber distances, using time-resolved diffuse spectroscopy and interpreting data with a model of the diffusion equation for a homogeneous semi-infinite medium. A wavelength-tunable mode-locked laser and time-correlated singlephoton counting detection are employed, enabling fully spectroscopic measurements in the range of 700 -1000 nm. The results show a large variation in the absorption and scattering properties of the head depending on the subject, whereas intrasubject variations, assessed at different interfiber distances, appear less relevant, particularly for what concerns the absorption coefficient. The high intersubject variability observed indicates that a unique set of optical properties for modeling the human head cannot be used correctly. To better interpret the results of the analysis of in vivo measurements, we performed a set of four-layer model Monte Carlo simulations based on different data sets for the optical properties of the human head, partially derived from the literature. The analysis indicated that, when simulated time-resolved curves are fitted with a homogeneous model for the photon migration, the retrieved absorption and reduced scattering coefficients are much closer to superficial layer values (i.e., scalp and skull) than to deeper layer ones (white and gray matter). In particular, for the shorter interfiber distances, the recovered values can be assumed as a good estimate of the optical properties of the first layer.
Introduction
In past years there has been an increasing demand for a better knowledge of the optical properties of biological tissues for both diagnostic and therapeutic techniques in biomedicine. 1 In particular, the in vivo determination of the optical properties of the human head is of the utmost importance due to the increasing application of near-infrared optics in neuroscience. 2 Human brain mapping by functional near-infrared spectroscopy is perhaps the most challenging and fascinating application in this field, while optical techniques are also promising for detection and therapy of neurodegenerative diseases. In the former case, the goal is typically to detect changes in the absorption properties of the brain or cerebral cortex due to the hemodynamic response following functional activation. This is a relative or dynamic problem that is somehow less influenced by the lack of knowledge in the exact optical properties of the human head. 3 On the other hand, absolute determination of the optical parameters is required for static applications such as hematoma detection or light dosimetry for photodynamic therapy. 4 Indeed from an optical point of view, the head is a strongly heterogeneous structure. Light passes through the scalp, the skull, and the cerebrospinal fluid (CSF) before reaching the brain, typically a few centimeters below the head's surface. All these compartments would affect light propagation in distinct manners. Since ex vivo and post mortem estimates of optical properties significantly differ from in vivo measurements, it is obvious that to obtain an optical characterization of these structures would require access to an operating room during a neurosurgical procedure. An alternative approach is to noninvasively inject light from the head surface and to collect the diffusely remitted photons in different locations in reflectance geometry. This is the approach that has been effectively pursued in recent years by several researchers thanks to its simplicity both for static [5] [6] [7] and dynamic (or functional) measurements. 8 -11 However, the attention is then focused on data interpretation, this being an ill-posed inverse problem. 12 To gain insight into the problem of determining optical properties of the head, Monte Carlo (MC) simulations in layered media have been performed, where the head is typically modeled as a stack of independent layers (scalp, skull, CSF, gray matter, white matter) with different geometric and optical properties. [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] In parallel, advanced analytical methods based on a solution of the diffusion equation in a two-layered medium have been reported. 24, 25 It should be noted that the robustness of any noninvasive diagnostic procedure to assess absorption and scattering properties of these layers would greatly benefit from a priori information as derived, for instance, from computed tomography or magnetic resonance imaging, as has been performed by Barnett et al. 26 However, even if detailed anatomical information is obtained, no analytical model would be available to directly interpret spectroscopy data. Therefore the ideal solution would be to use the 3D finite-element model code.
Here we approached the complex study of light propagation in head tissues from an experimental point of view by performing time-resolved multiwavelength, multidistance reflectance measurements on the forehead of adult volunteers. For data analysis, since anatomical information on volunteers's heads were not available, we chose to interpret the measured time-resolved curves using a homogeneous model for photon migration. This simple kind of analysis, even though approximated, is aimed at investigating major spectral variations among different subjects and interfiber distances. We decided not to consider the application of a bilayer model. In fact, this approach, even if possible, leads to a fitting procedure much more unstable and of difficult comprehension with respect to a homogeneous fit, since both optical properties and thickness of the two layers are unknown, which results in a fitting algorithm on six parameters.
As a second step, to better interpret the analysis of our in vivo measurements, we performed a set of MC simulations, where the human head was modeled as a four-layer structure characterized by optical properties partially derived from the literature. The simulated time-resolved curves were interpreted in the same way as in vivo measurements, using a homogeneous model for photon migration. In this way, we aimed at better comprehending the information carried out by a homogeneous analysis performed on a heterogeneous structure as the human head.
Materials and Methods

A. System Setup
The automated system for time-resolved spectroscopy (TRS) measurements has been described in previous publications. 5, 27 The system allows fully spectroscopic measurements in the range of 700-1000 nm, exploiting an actively mode-locked picosecond Ti:sapphire laser. A 1 mm plastic-glass fiber (AFS1000, Fiberguide, New Jersey) delivered light into the tissue, while diffusely reflected photons were collected by a 4 mm diameter fiber bundle (Fiberguide, New Jersey). The power at the distal end of the illumination fiber was always limited to less than 10 mW for safety. For detection, we used a double-microchannelplate photomultiplier tube (R1564U with S1 photocathode, Hamamatsu Photonics K.K., Japan) and a PC card for time-correlated single-photon counting (SPC-130, Becker and Hickl GmbH, Germany). A small fraction of the incident beam was coupled to a 1 mm fiber and fed directly to the photomultiplier tube for on-line recording of the instrument response function (IRF). Overall, the FWHM of the IRF was less than 180 ps at any wavelength.
To allow measurements to be carried out in vivo, the system is fully automated. A PC controlled the laser tuning and power, and optimized the IRF by automatically adjusting the Lyot filters and the cavity length of the Ti:sapphire laser. The overall measurement time for a full spectrum at a certain interfiber distance was ϳ10 min. To handle the large dynamic range these measurements present, a variable neutral density filter was mounted on a stepper motor in the detection line in order to adjust the intensity on the detector. The total number of collected photons per second was used as input in a feedback loop, and we aimed at having a signal of approximately 10 6 counts in 4 s acquisition time per each wavelength.
B. Phantom Measurements
A first series of TRS measurements was performed on a homogeneous cylindrical solid phantom (4.5 cm height, 10.5 cm diameter) made of an epoxy resin, with titanium dioxide (TiO 2 ) powder as the scatterer and black toner as the absorber. 28 Spectroscopy information was obtained by acquiring time-resolved curves every 5 nm from 700 to 1000 nm. The injection and collection fibers were both placed on the top base of the cylinder and reflectance measurements were collected at five different interfiber distances (from 2 up to 6 cm).
C. Protocol for In Vivo Measurements
Five healthy volunteers were enrolled for the measurements after informed consent. No particular preselection of the volunteers was made. The five subjects were three males (25, 37 , and 40 years old) and two females (31 and 42 years old). Spectroscopy measurements from 700 to 1000 nm were performed in reflectance mode at the five different interfiber distances. The in-jection and collection fibers were put on the left part of the forehead, with the injection fiber placed toward the temporal region. The collection bundle was set 1 cm on the left of the central sulcus, to avoid interferences caused by the sinovial cavity.
D. Data Analysis
The reduced scattering and absorption spectra were constructed by plotting, versus wavelength, the values of Ј s and a , as obtained from fitting the experimental data to an analytical solution of the diffusion approximation of the transport equation for a homogeneous semi-infinite medium. 29 We used the extrapolated boundary condition 30 and assumed that the diffusion coefficient D was independent of the absorption properties of the medium [i.e., D ϭ 1͑͞3Ј s ͒]. 31 The refractive index was assumed equal to 1.56 in the case of the epoxy resin phantom and equal to 1.40 in the case of head tissues.
As shown in detail in Cubeddu et al., 32 the theoretical time-dispersion curve was convolved with the IRF and normalized to the area of the experimental curve. The fitting range included all the points with a number of counts higher than 80% of the peak value on the rising edge of the curve and 1% on the tail. The best fit was reached with a Levenberg-Marquardt algorithm by varying both Ј s and a to minimize the error norm 2 . A brief consideration on the fitting procedure is given here. As previously shown, the use of a free time shift can improve the estimation of the optical properties, although it increases the dispersion of the retrieved values and the instability of the fitting procedure. 32 Thus in order to minimize the differences in the optical properties estimated at the different detection distances and further reduce the coupling between absorption and scattering coefficients, we decided to introduce the same fixed time shift for all wavelengths and interfiber distance measurement analysis. The recovered value of 98 ps for the temporal shift can be possibly attributed to the mode dispersion of the collection fiber as already observed elsewhere. 33 
E. Monte Carlo Model
A MC code based on a four-layer semi-infinite slab model was employed. Details on the MC code can be found elsewhere. 34 The four layers simulate the scalp-skull matter, the CSF layer, the gray matter, and the white matter. The optical properties of the layers (at ϭ 800 nm), were chosen according to four different data sets, partially derived from the literature. In particular, since the models of the optical properties of the human head already discussed in the literature fairly agree concerning absorption properties, whereas they show a much higher discrepancy in the scattering values, we decided to select four possible data sets characterized by the same absorption coefficient values and different scattering properties. Reduced scattering coefficients were selected from Refs. 14, 16, and 17 for the first, second, and third data set, respectively. For the last data set, a uniformly scattering tissue was considered. The chosen optical coefficients are summarized in Table 1 , together with the thickness chosen for each layer. Single-wavelength time-resolved simulated curves at six different interfiber distances (from 1 up to 6 cm) were then fitted with the same procedure as used for in vivo time-resolved data on the basis of a homogeneous model for the human head.
Measurements
A. Phantom Measurements Figure 1 shows the absorption coefficient and the reduced scattering coefficient spectra of the phantom measured at the five different interfiber distances. As expected, in the presence of a homogeneous sample there is no detectable variation in the measured optical properties by varying the collection distance; consequently, the recovered spectra appear almost identical at all the distances. Focusing deeply on the shape of the spectra, as shown elsewhere, 28 the absorption coefficient exhibits a rather flat plateau below 850 nm, owing mainly to the toner absorption, and higher peaks beyond 850 nm, ascribed to the resin contribution. With respect to the scattering coefficient, as expected, decreasing values of Ј s are reconstructed upon increasing wavelength. Finally, it can be observed that the measurement at the largest collection distance was poorly analyzed since a few number of photons reached the detector.
B. In Vivo Measurements
In vivo absorption and reduced scattering spectra are shown in Figs. 2 and 3 , respectively. For subject 1 reliable optical coefficients could not be recovered at any wavelength at ϭ 6 cm, as a consequence of the high absorption that characterizes the forehead of this volunteer. Further, for subject 4 the measurement at ϭ 6 cm was not performed at all due to a technical failure. For the remaining subjects the spectra at the largest interfiber distance, even though noisy, could be analyzed apart from the region of the water peak absorption near 970 nm. This consideration briefly indicates that the attenuation of light in the human head, due to both absorbers and scatterers, is smaller than that of a homogeneous diffusing media as the solid phantom considered. Absorption spectra for all the subjects at the different interfiber distances are shown in Figs. 2(a)-2(e). Similar spectral shapes are generally retrieved among subjects with the evidence of the main peak absorbers, as deoxy-hemoglobin at 760 nm and water at 970 nm. However, the absorption coefficient shows a large variation from subject to subject. In contrast, absorption spectra show similar features at all interfiber distances. For example, focusing on the spectra of subject 3, the hemoglobin peak, centered near 760 nm, is clearly visible with a similar absorption value at all the interfiber distances; at longer wavelengths the dominant absorption feature is the water peak at ϳ970 nm, with a decreasing absorption coefficient measured at distances longer than 3 cm. Further, the lipid peak at 930 nm is slightly visible only at the longest interfiber distances. This last observation could correlate with a significant lipid content present in deeper tissues.
To evaluate the percentage composition of the head tissues of different volunteers, the absorption spectra were best fitted with a linear combination of the spectra of the main tissue constituents but satisfactory results could not be achieved. As typically performed, 5 lipid, water, and the two forms of hemoglobin were taken into account as the main tissue absorbers. In this case study, we further considered the presence of collagen, whose absorption spectrum has been recently measured by us, 35 as a possible absorber in the bone tissue of the skull. Nevertheless, in some of the cases, the fitting procedure could not converge to a stable solution, since it was heavily dependent on the initial conditions. It should be noted that in this case study we recorded timeresolved spectra only in the near-infrared band from 700 to 1000 nm, whereas the red spectral band from 600 to 695 nm could not be explored due to a malfunctioning of our tunable red laser source. The red spectral band, where the two forms of hemoglobin show high absorption values, is particularly important in tissue component analysis and, possibly, its absence gives less stability to the fitting procedure. Further, another cause could be found in the heterogeneous structure of the head.
For what concerns the reduced scattering coefficient, the retrieved spectra for all the subjects are shown in Figs. 3(a) through 3(e). Scattering spectra show decreasing values of Ј s with increasing wavelength. Significant variations are observed among subjects. Further, conversely from the absorption spectra, the scattering spectra showed detectable differences at the five interfiber distances both for what concerns the amplitude and the slope of the spectra. In particular, as a general trend, the highest-scattering values are retrieved at an interfiber distance of 3 cm, while lower-scattering values are measured as interfiber distance increases.
Discussion
A. Discussion on In Vivo Measurements
In vivo absorption and reduced scattering spectra of the human forehead revealed marked differences among volunteers. To emphasize this variability, in Fig. 4 the spectra of the five volunteers measured at the shortest interfiber distance ͑ ϭ 2 cm͒ are presented.
Absorption spectra show a net variation in the retrieved coefficient values: differences up to a maximum factor of 3 can be found in the absorption values of different subjects at the same wavelength. This high intersubject variability in the absorption spectra can be ascribed to a different skull thickness or to the presence of tissues characterized by a different blood perfusion or, more probably, to both these two phenomena.
At the moment, we cannot validate the first hypothesis since we have no quantitative information on the anatomy of the head of the five volunteers. For what concerns the second hypothesis, we considered the differences in hemoglobin concentrations between subjects taking into account the in vivo absorption spectra plotted in Fig. 4 . The analysis was performed considering the two forms of hemoglobin as the only tissue absorbers and considering absorption spectra in the range of 700-850 nm, where the absorption of oxy-and deoxy-hemoglobin predominate with respect to other tissue absorbers; the results are summarized in Table 2 in terms of hemoglobin concentrations, total hemoglobin content, and hemoglobin oxygen saturation. 5 The analysis indicates that absorption spectral variations can be explained by marked differences in the total hemoglobin content, which shows a variation from 40 to 125 M from subject to subject. Similarly, the scattering spectra measured on the five volunteers at the shortest interfiber distance revealed a detectable variability among subjects.
We believe that these high differences in both the absorption and the scattering properties of the head of volunteers is an important indication that should be taken into account when modeling light propagation in the human head; in particular, it should be emphasized that a unique data set for the optical properties of the human head cannot be reliable.
B. Comparison with Monte Carlo Simulations
To interpret the results of the homogeneous analysis performed on in vivo measurements, we applied the same homogeneous analysis on MC time-resolved simulated curves. Table 3 shows the absorption and scattering coefficient obtained by fitting the fourlayer MC simulations with the homogeneous model.
It appears evident that the retrieved absorption coefficient values at all six interfiber distances are very close to one other, with a maximum relative variation between values from the same data set of 6%. It is worthwhile to observe that experimental data, analyzed with the same homogeneous model, show similar changes with different interfiber distances: taking into account the absorption coefficients obtained for the same subject and focusing on the shorter distances (from 2 up to 4 cm), where the measurements are less critical in terms of signal-to-noise ratio, it is possible to observe a maximum relative variation of 10% at 800 nm.
MC simulations further indicate that the retrieved absorption coefficient is very close to the value of the superficial layer (i.e., scalp and skull), as if photons detected even at the larger interfiber distances had traveled much more in the first layer than in deeper ones; a possible explanation can be found in the lowscattering properties of the CSF, which acts as an optical guide for photons. This result is particularly valuable when extended to in vivo measurements: the recovered values for shorter interfiber distances can in fact be assumed as a good estimate of the absorption properties of the scalp-skull layer.
For what concerns the reduced scattering coefficient, the values obtained when fitting simulated MC data appear again closer to the value of the first layer with respect to the value of the underlying structures. Nevertheless, in this case the extraction of informa- Deoxy-hemoglobin (Hb) concentration, oxy-hemoglobin ͑HbO 2 ͒ concentration, total hemoglobin content (THC), and hemoglobin oxygen saturation (Y) of the superficial head tissues estimated for the five subjects considering the absorption spectra retrieved at the shortest interfiber distance ( ϭ 2 cm). Interfiber Distance (cm) tion is less straightforward, since there is a much higher variation of the retrieved scattering values with interfiber distance, both considering analysis on in vivo measurements and MC simulated data. However, it is valuable to observe that the comparison between simulated and in vivo analysis shows an interesting common feature. Considering the results at different interfiber distances both analyses indicate that, as a general trend, the scattering value, after a first small increase that reaches its maximum at ϭ 3 cm, decreases at longer interfiber distances. The decrease can again be due to the presence of the low-scattering CSF, whose effect becomes more relevant at longer interfiber distances. For MC simulations, this effect is particularly marked for the first data set, which is characterized by a higher-scattering value of the scalp-skull layer. Thus even for the case of scattering, we can assume that the values obtained at shorter interfiber distances are the least influenced by underlying layers and, consequently, can be considered as an initial estimation of the scattering properties of the superficial layer of the head.
Conclusion
In conclusion, we have performed an in vivo spectral characterization of the human forehead with timeresolved reflectance measurements at multiple interfiber distances. Although, the data were interpreted using a homogeneous model of photon migration, the recovered spectra yield useful information on the optical properties of the superficial layers, as also confirmed by Monte Carlo simulations. Work is in progress both to get anatomical information for the volunteers' heads and to apply a more refined heterogeneous model to in vivo measurements in order to investigate deeper structures. Further, the collection of data in the red spectral band could be beneficial for the quantification of main tissue absorbers.
